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1.0 INTRODUCTION

The purpose of this report is to present a concept along with
supporting theory for & magnetic-guideway/guided-projectile system
that has been devised for the AEDC/VKF Aeroballistic Range G
{Ref. 1). The concept has evolved out of a somewhat broader effort
to provide alternate, or ''backup' technology to that presently under
development wherein the launch sabot is retained during flight
and serves as a shoe for mechanical containment of the projectile
between guide rails, The objective of either approach is to pro-
vide a guided hypervelocity vehicle that will better enable study
of the ablative and erosive environments that high-speed missiles
and space vehicles often must survive. To adequately perform
such studies in aeroballistic ranges it is required that the flightpath
be predetermined to enhance data from wayside photography, ete.,
and to provide for flight intc deceleration devices where the projec-
tile can be retrieved for postflight measurements. Potential advan-
tages to be gained by use of the magnetic method include: :

1. FElimination of sliding surface contact and associated
wear, erosion, and gouging of the shoe and guideway,

2. Elimination or reduction of problems associated with
shock interaction between projectile and guideway,

3. Less critical alignment and smoothness requirements
for the guideway, and

4, Periods of essentially free flight with no track or.
other obstructicons to interfere with wayside photo-

graphy.

As will be seen, the concept is closely related to presently
accepted notions for repulsive magnetic levitation and guidance
of ground transport vehicles and rocket sleds {(Refs. 2, 3, 4, and
5). In these cases, the dominant scheme consists of attaching
high-intensity, superconducting magnets to the vehicle and pro-
viding roadways/guideways of aluminum or other normally con-
ductive materials, By virture of vehicular motion, the fields of
the magnets induce and react againgt eddy currents in the roadway/
guideway with the resulting forces experienced by the magnets
being used for levitation and guidance,
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The present concept is similarly based on motion-induced electro-
dynamic interaction but with reversal in location of the key elements; ’
i, e,, the guideway provides a range-length inducing field and conduc-
tive material is integrated into the projectile with the forces it experi-
ences being utilized for guidance, Resort to this approach has been
necessitated in the present situation because of launch considerations;
i, e., projectile velocities of interest for abalation and erosion tests
are 4,000 to 6,000 m/sec and to achieve such in the VKF Range G a
projectile must withstand accelerations up to 2 x 102 g's in a staged
powder-hydroger gun, As reported in Ref. 6, superconducting mag-
nets are not strong enough structurally to withstand this, The
alternative of permanent magnets would not provide a field of suffi-
cient intensity and normal electromagnets would require a power
supply which makes them unsuited for incorporation intc the projec-
tile, An electromagnetic guideway with only normally conductive
material in the projectile as proposed is technically feasible, how-
ever, and its practicability for the case of Range G is strongly
suggested by the nearby Tunnel I power supply (Ref, 7). From this
flywheel/inductor stored energy source, power pulses can be made
available at currents up to 10° amp for energization of the guideway
during a projectile’s flight.

2.0 SYSTEM DESCRIPTION

As previously stated, the system concept is based on motion-
induced electrodynamic interaction between conductive material
that is to be deployed in projectiles and a stationary electromag-
netic guideway that is to be provided around the desired flightpath.
More specifically, the conductive material is to be in the form of a
shell around the projectile's forebedy and the guideway is to be such
that as a projectile moves off course it will be exposed to increasing
magnetic field intensity and as it moves downrange it will be exposed
to spacewise modulations in this intensity., Because of high-frequency
shielding effects, the forebody will appear diamagnetic to the modu-
lations and experience forces such that its preferred position of
equilibrium will be the guideway axis where the field is zero, These
"positional'’ forces are to modify the projectile's angle of attack so
as to enlist aerodynamic forces that are capable of maintaining
flight along the guideway axis, Flight stabilization is achievable by
virtue of the fact that lateral motion of the conductive shell will be
through field nonuniformities such that attendant eddy current losses
will tend to dampen or retard such motion.
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Asg initially envigioned, and as can be envisioned for present
analytical purposges, the guideway field is to be generated by two
superimposed sets of four currents that are symmetrically oriented
about the range centerline or z axis as shown in Fig. 1. As indicated,
one set is composed of range-length line currents of magnitude I
while the other is composed of transposed line current segments of
magnitude Tp and length &, Also, as indicated, there are two go and
two return currents in each set with those of like direction heing
diagonally aopposite each other, The magnetic field of the Ip currents
is independent of distance downrange as indicated in Fig. 2 whereas
that of the Ip currents is of oppogite polarity in adjoining segments
as indicated in Tig, 3.

In both cages, as should be expected from the Biot-Savart law,
a so-called null-flux field is produced whose intensity is strong near
the currents and decreases to a zero or null value at their axis of
symmetry. Anticipating that the Ip field will be stronger than the Ip
field, the combined results of Iy and Ip will be a null-flux field whose
intensity is modulated with respect to 2z, Later analysis, however,
will consider the two independently with the Ip field being treated as
the means for generation of lateral damping forces and Ip being
treated as the means for generation of lateral positicnal forces.,

Inscfar as the projectile itgelf is concerned, the shape and struc-
ture shown in Fig, 4 have been adopted for investigation of theoretical
system feagibility herein. Whereas, as will be discussed, prospects
exist for improvements from other viewpoints, this configuration
yields an agreeable analytical model, Thig is primarily because the
shell on the forebody is in the form of a cylinder and thus lends itself
well to electrodynamic analysis. It is alsc to be appreciated that the
projectile's overall outer surface is in the form of a flared cylinder
(with optional nose} which lends itself to aecrodynamic stability and,
when in aercdynamic flight, develops side forces as a function of
angle of attack, Moreover, by being a relatively standard aero-
dynamic shape, much data is available from which to predict flight
behavicr. The fact is that, in the past, use of projectiles with this
general overall shape has been common in ballistic range work,
Through use of strippable sabots this shape adapts well to present
launch techrniques and, as is seen, is guite flexible inscfar as the
type of nose test article it can carry.
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3.0 ANALYTICAL DEVELOPMENT

3.1 GUIDEWAY AND SHELL INTERACTIONS

For the purpose of developing theoretical aspects of the system
electrodynamics to the point where guideway and shell parameters
can be chosen, an idealized, two-dimensional mathematical model
will be utilized; i, e., the cylinder is of infinite length in the
z-direction, conditions do not change with respect to z, etc., The
concept being pursued is compatible with such a model if the following
conditions can be met:

1. All guideway current elements that lie in the z direc-
tion are long compared to the radial dimension of the
guideway. Despite the use of long current elements,
the needed high-frequency effects will be created if
projectile velocity is sufficient.

2, The shell axis remains approximately parallel to the
z axis at all times, This is possible if in actual
flight only slight deviations from such conditions is
required to develop needed aerodynamic forces for
maintenance of course,

3. All eddy currents in the c¢ylindrical shell (except for
those in the end surfaces which are to be ignored)
flow approximately in streamlines parallel to the
z axis, This will be reasonably true when:

(a) the vector potential of their inducing field,

i.e., the field of the guideway currents, lies in

this direction {see condition (1) above);

{b} the shell has a large length-to-diameter
ratio; and

(¢} the end walls are made thick for decreased
opposition to current flow across them,

Later application of two-dimensional analytical results to
design of an actual system will demonstrate that compliance with
these conditions ig quite feasible,

3.1.1 Conditions for Diamagnetic and Damping Behavior

The diamagnetic and damping effects that are to be employed
are both dependent upon eddy currents being induced in the conductive

10
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shell as 2 result of its motion through the guideway field, Diamag-
netic behavior is synonymous with the shielding of the shell's interior
which ig achievable via such currents and is related to the inductive
{or reactive) energy in their magnetic fields; i, e,, the induced eddy
current field required to completely nullify or cancel an inducing
field within a body is identical to that field which would be required if
cancellation were by induced diamagnetic polarizations, In both cases,
positional forces exist on the hody that are proportional to the change
in induced field energy with respect to position. For the case of the
shell, damping, or retardation of motion, is related to the rate at
which such energy is dissipated in the shell as joulean heat,

Quite obviously, only positional and damping forces that act in
the lateral direction are useful for guidance purposes. The fact is,
however, that to achieve radial positional forces by the scheme being
pursued it is not possible to avoid altogether the development of both
positional and damping forces that act in the axial direction, Nor is
it possible to develop the desired radial damping forces without
creating some level of undesired positional forces, Fortunately, the
axial positional force acts first in one direction and then the other as
the projectile passes through the transposed guideway so as to have
insignificant net effect. Moreover, as will be seen, it is possible to
choose guideway and shell parameters such that desired radial forces
will dominate those that are not desired.

With its radius and length being a and h, respectively, visualize
for the present that the cylindrical shell lies concentric with the
z axis of a cylindrical coordinate system where points in space are
defined by r, 8, and z as shown in Fig. 5. Visualize further that
from external sources there exists an inducing field whose magnetic
vector potential, Aj, is parallel to the axis and whose magnitude is
varying with respect to time. Because the shell is conductive, eddy
currents will flow whose magnetic vector potential can be repre-
sented by A°. The total induced electric field, E, is then composed
of that due to the original inducing field plus the reactive contribution
of the eddy currents. From the laws of induction by Faraday and
Lienz it can be expressed as

Total inducedE: - -6% (XI + K,) (1)

where t is time. Current must then flow along the surface in accord-
ance with Ohm's law which can be written as

E = ¢ (2)

1
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where 7 is the current density along the surface and ¢ is the area
resistivity, Finally, in absence of displacement currents the vector
potential and current density must be interrelated through Ampere's
law for all points in space, With u 4 being the permeability of free
space and the sghell, this relationship can he expressed as

VA = pg (3a)

For points in space that are not part of the surface there can be no
current flow so that for these points the relationship reduces to

VZK’ =0 (3b)

Equations (3a) and {3b) will be recognized as those of Poisson and
Laplace, respectively,

Recall now that in Section 3.0 the ratic of the shell's length to
diameter has been postulated as being large so that two-dimenaional
solutions for the conditions of Eqs. (1), {2), and (3) are adequate,
Fortunately, the two-dimensional situation has been treated at some
length by Smythe for the case of a timewise - sinusoidal inducing field
(Ref, 8, p. 400). The treatment expands the vector potential of both
the inducing field and an assumed eddy current field into a series of
circular harmonics. For polar positions of r < a that series cbtained
for the inducing field is

_A_i(r,ﬁ,ﬂ = fl:n__z-.l C,r'a™ cos(nf + 8 ) cos wt (4)

where % is a unit vector in the = direction, n is the degree of the
harmonie, Cp is the coefficient of the nth harmonic, &n is the phage
angle for the nth harmonic, and w is the angular frequency. Pro-
ceeding to match boundary conditions under the assumption that each
harmonic decays independently and exponentially, several pertinent
solutions that were obtained in the treatment are as follows:

1. Area density of eddy currents

Aa,0,t) = _ X2 OEO n C, cos(n@ + 8 ) cose, coslot ~ )

Hoa aml (5)

12
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where e represents a phase lag between Ki and A" and is

given by
E = tﬂ.n-l['_z HQ] (6)
n Dpoa

2. Vector potential of the eddy currents at r < a

Alrdn = -k

o

%S

| Cria™ cose cos(nf + 5 ) cos (wt — ¢) (7)
3, Ratio for the nt? harmonic of the vector potential of the eddy
currents to that of the inducing field atr = a

(
(rnd n (8)
4, Total vector potential atr < a

—~

Xi(r,ﬁ,t) + E’r(r,ﬂ,t) ==k 2 C r"a™ sin €, coS (n@ + SD) sin {wt - €) (9)

p=] ™
5. Shielding effect of shell; i.e., ratio of nt!! term of the vector
potential inside the shell as opposed to that with the shell
removed,

| A, (0.0 + AL (8.0

S_ = = Sinf

o {A; (r8,0] o (10)

6. Time averaged real power per unit length; i.e., time aver-
aged rate of energy dissipated per unit shell length

Preal = 27¢ (pz a)~d 3 n? CE cos? €
n=1 (11)

Now, in addition to real power, it is instructive to think in terms
of reactive (imaginary) and total apparent power. From Egs. (1) and
{3} it is clear that the periion of induced electic field attributable to
reactance of the eddy currents is

d A;(a,ﬁ,t)

gt (12)

Reactive Ez(a,ﬂ,t) = -

13
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A time average reactive (or imaginary) power per unit shell length
can then be defined as

1 omolA(ag,u]
Pimag = Ea { —_'at_—l?_{ﬂﬂ.l)de (13)

Combining Egs. (8), (7), {12}, and (13) yields

m 2 9 9
imag = E n&ln Cn cos €, (14)
Combining Eqs. (11) and (14)
Pn real 2¢n
= = —tan €,
Pn imag Hoaw (1 5)

The total apparent power per unit shell length for each harmonic
would then be

2 2
pn total < ‘/Pu real l;!ln imag {18)

Finally, combining Eqs. (15) and (16)

nreal !

Fn total - ,‘,tga_:r282 J1 o+ mlzcn
1 +
4¢2n2
= sine,, = Sn(seﬂ Eq.(]D)) {17)
and
n imag 1 1

Pn total -\/1 . {anz -\/l + lanzfn
”02 aimﬁ

= cose = |T\|/|;l| (see Eq. (8))

(18)

The ratios Py yea1/Pn totals Pn imag/Pn totals |A;1|/|Ani| anld
§ , are plotted in Fig, 6 as functions of the parameter ypaw(2 n<)™",
i.e., - cotep. It should be noted that as this correlation parameter
approaches zero, power becomes totally real; i, e., magnetic energy

14
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of the eddy currents is dissipated as joulean heat at the same rate it
is generated, At this extreme it can also be seen that the vector
potential of the eddy currents becomes small as compared to that of
the inducing field. Unfortunately, this implies correspondingly low
values of eddy currents so that to dissipate significant energy for
damping of motion the inducing field will need to be strong,

It should also be noted from Fig. 6 that as the correlation
parameter becomes large the power becomes essentially totally re-
active and there is almost perfect shielding of the shell's interior.
It should be understood that such reactive power represents energy
transfer to and from the magnetic field of the eddy currents, From
Lenz' Law, the flux of this field is in direct oppoesition to and tends
to cancel that of its inducing field within the shell, hence the shield-
ing or artificially diamagnetic effect.

Fortunately, again from Fig, 6, it should be noted that as the
correlation parameter is increased by a factor of approximately 25,
i.e., from a value of 0.2 to 5, the eddy current power moves from
approximately 98-percent real to 88-percent reactive, * Note also
that for a given n all quantities in the correlation parameter except
angular frequency are fixed when a cylindrical shell is specified.
Advantage is to be taken of these facts in the guideway design. On the
one hand, the interval between guideway transpositions as shown in
Fig. 1 will be established such that high-frequency eddy currents will
be induced that are > 98-percent reactive, and shielding or diamagnetic
effects are large, In this way, needed lateral positional forces can be
generated with minimum retardation of axial motion. On the other
hand, the flightpath will be tailored so that excursions across the guide-
way centerline will result in lower frequency eddy currents that are
298-percent real where damping effects dominate. This will allow
needed lateral damping forces to be generated with minimal extraneocus
positional forces.

3.1.2 Diamagnetic Force Relationships

Through use of the principle of superposition, it is possible to
relate the conductive shell and the guideway field modulations produced
by the Ip current segments of Fig, 1 independently of the basic field
generated by the I currents, and vice versa, Therefore, congidering
only effects of the transposed field, one can visualize that as high-
speed projectiles move downrange they are exposed to a null-flux

*Intended to imply magnitudes that are 98 percent of the apparent
power,

15
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field of first one polarity, then another, etc, So that the shell will
appear diamagnetic, the frequency components of this effectively
alternating field are to be such that the interior of the shell, if
appropriately designed, will be shielded (see Fig, 6),

Now, as will be seen, the length, ., of the line current seg-
ments is tc be quite large as compared to their individual diatance b
from the range centerline (see Figs. 1 and 3). Therefore, during
flight, the conductive shell spends most of its time between trans-
positions where a null-flux field exists whose strength is for all
practical purposes equivalent to that which would exist if the current
segments were of infinite length, This can be seen through applica-
tion of the Biot-Savart law to a simple set of segments of alternate
polarity which lie on a straight line,

Consider the situation shown in Fig. 7 where such a set lies on
a z~ axis parallel to the z axis, Let r’ be the normal distance
from the z” axis to a point of interest and n stand for the nth segment
downrange, ¥rom the differential form of the Biot-Savart law
{Ref. 9) the magnetic induction at (r’, z”) attributable to the nth gseg-
ment is
~
Enlh(r: z’) =f-9——-]—x-r— ne dz’

4 Jl;--l)d [(zi — z’)z -+ (r‘)z]a"2 (19)

where T is the magnitude of the current segments, Allowing for re-
versals in current from segment to segment, the induction produced
by all transposed segments then is

T L

—_ pol XT o0 1 D& dz”

") = 3 (-1
Brpp(r’ 2 4 =1 (J—l)a l(z] - 22 4 (232 {20)

which upon integration yields
I‘ .?- oo /_ » - -
Brpp(e’ o) = for S ) i Ikl o o Ve
"= \/(zi - na)? 4 (92 \/’[zl - (n-Dal? 4 (r_']2

(21)

In the limiting case of an infinite line current, i.e., n=1, z = a2,
ands~ ®, the summation reduces to a quantity of 2 so that, as it
should per Ref, 10,

Binple’ 29 = —o— (22)
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The ratio of transposed magnitude to nontransposed magnitude then is

Brrptr’ 2
Binples 2

_ 1 § (_Dn+1 (zl ~ na} 3 z]—(n— Da
2 n=1 \/(zl - na)? 4 (F "/[?l —- {n - 1)&12 + (12 (23)

A plot of this ratio truncated at n = 9 has been obtained through use of
a digital computer™ and is shown for several values of «/r" in Fig, 8.
From this it should be clear that if </b is 15 to 20, as it will be, then
a traveling projectile will see the current segments as essentially
infinite in length 80 percent of the time, The remainder of the time
is apent near transpositions where the radial and axial fields of the
angular current segrnents become effective, Again, the shell sees
alternating polarities of these at relatively high frequencies and
therefore experiences a system cof diamagnetic forces that on the
average act repulsively toward the guideway centerline,

In view of the above arguments, a reasonable approximation is
that the conductive shell experiences the same forces as if it were
traveling through the null-flux field of four infinite line currents but
was diamagnetic to a degree corresponding to the currents (and fields)
being segmented and transposed, Fortuitously, again, a treatment by
Smythe (Ref. 8, p. 309) relative to the placement of a cylinder of
magnetic material with permeability y adjacent and parallel to a
single such current I is applicable, With the radius of the eylinder
being a and the distance from its axis to the line current being
r =ry, as shown in Fig. 9a, the significant results are:

1. The magnetic vector potential in the region outside
the cylinder due to its presence is the same as if
the cylinder were replaced by a parallel "image"
current I” located between I and the axis at a dis-
tance a2/r1 from the latter, plus a current of -I°
along the axis as shown in Fig, 8b, The magni-
tude of the image currents is given by

1 - p/p
1 + #O."'J. (24)

*Jee Appendix A for a listing of Fortran programs.
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2. The vector potential inside the cylinder is the same
as if the cylinder were removed and I werc replaced
by I°°, where

IF.’ _ 2 ]
L+ oplu (25)

The latter result is directly comparable to the shielding effect
of a conductive, cylindrical shell by virtue of the fact that, within its
interior, the vector potential of an exterior line current I lying
parallel to its axis is the same as if the shell were removed and I
were replaced by I°” where

1 = 8 (26)
From Eqs. (25) and (26) there then is the equivalence that

7
T T x p i (27)

Upon solving this for uo/u in terms of § and substituting in Eq. (24)

there results the fact that when there is effective shielding the vector
potential outside the conductive shell due to parallel line currents is

the same as if the shell were replaced by image line currents I and
-I“ag shown in Fig. 9b where

I'=(8 - 11 (28)
The force per unit length, f‘, on the cylinder is then the same as

the sum of that which would be exerted on the two image currents by
the field of the original current, i,e,,

F=-Tx EI(O,O] + I x El(azfrl, 0) . (29)

From Eq, (22), with r° being appropriately replaced, the magnetic
induction of I at the points of interest are

2ml (30)

18
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and

(31)

In conjunction with appropriate vector identities combination of
Eqgs. (28) through (30) yields finally, for the force per unit length on
the cylinder

— pUIEaE(S - 1
F =
et - ) (32)

Because § is relatively near zero for the diamagnetic case, it is
seen that the force is directed opposite to ¥, i, e, , away from the
original current I, A plot of F versus r; is given in Fig. 10,

For the situation of interest herein, i.e,, four line currents of
equal magnitude surrounding the eylinder, the image currents are as
shown in Fig. 11. Note that, because of equal magnitude Ip and
equal quantities of go and return currents, there is complete cancel-
lation of images located on the cylinder axis, However, for each line
current I, at distance rp from the axis there is a corresponding image
I",- that, as before, lies a distance a2/r, away from the axis toward
In. With radial and angular position of the cylinder axis being denoted
by R and 8, respectively, cartesian coordinates x, and y, of the line
currents have been taken to be

Xl = ]J }Il = O
:I|'.2 = O )’2 = h
(33)
)(3 = -b Y3 =0
x4 = 0 }" = _h
By triangulation, coordinates of the images then become
2 ; 2
x;-= Reos B + b - Reor y17= Rsing - 2 R i
"= R2 + b* -~ 2Rb coa f3 RZ 4 b2 - 2R co= f3
2 - 2 - R«
xzrszcosB— 2R cox B y2-=fRsinB+ Da(bﬂ R o B (34)
R? 4+ v? - 2R sin K2+ b* ~ 2Rb sin B
2 2R
x3f=ﬂcos,8—- a(b+.‘RccsB) vsaz:RSinﬁ—- aZ'f in B
R2 + 2+ 2Rb cos f3 R2 L p? + 2Rb cos f3
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allb + R sin A

RZ 4 b% &+ 2Roasin B (34)

x4;= mcqsﬁ.. Bzmcosﬁ

=i .= Rsi -
R2 . b2 4 Romnpf sin A

The magnetic force per unit length experienced by the e¢ylinder is
the same as that which would be experienced by the four image currents
in the combined fields of the original line currents and can be written as

Fu= 20Ty x By (35)
n’
Now from Ref, 11
B; x4y, = Vx A;lx, My (36)
and
A y) = = ,::" néllf—l)“ln *n (37)
where
Y T (38)

Also, for this two-dimensional case with 1 and Ebeing unit vectors in
the x and y direction, respectively,

A, A OA, .

z

v x K(x,y}=ﬁ-i—-a—-;j (39)
so that .
Bilx .y ) = H;IP nél(—l)" ’( );“’— In > T - _ xn;' *n : TE
xpr— %)+ ()’n«— yn) {x x ) 4ty om y))
(40)

Through combination of this result with Eqs, (28) and (35) there re-
sults for force per unit length on the cylinder
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2
pDIP
M = Ton

Yu'_ )rn ~
1

F

4 . 4
-1 2DV 3T
n=] n-=]

2
(x, = x )% 4y -y )

Xp o= X “
- ! (41)

2 2
(an--' xn] + ()’n'— }'n)

This can be resolved into radial and angular components by taking dot
products with unit vectors so directed, i, e.,

Fyg = B, - & (42)
and
Fyg = Fy * B (a3)
where
Rctcosp + Toinp (44)
and
B =Teinf ~ Fcos 8 (45)

The resulting components are

12 4 ., 4
Fyg = oo 6 = D3 (12 £ (D

n=] n=]

3(3«-", - yn) cos 3 - (xn' - xn) sin 3
{

. 2 , 32
Xy = xn] + (yn-— }u)

& {46)
and

2
F‘DIP 4 n, 4 o (}'n;
Fug = 27 8 - D 26D A {

2 2
{x - — x5 = v ))

~ y t=in B - (xr= ) cos 3
{47)

These equations, in conjunction with Eqgs. (33) and (34), have been
normalized with respect to b and solved at varying positions using a
digital computer, * The results for various values of 2/b are shown
in Fig. 12 for radial forces and Fig, 13 for angular forces.

*a listing of the Fortran program is included in Appendix A,
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It should be noted from Fig. 12 that for a/b < 0.2 the radial
forces for all 8 can be approximated by a single straight line if
2/b £0.3. Itis also to be noted from Fig. 13 that for this condition
the angular forces remain zero for all practical purposes, There-
fore, for this condition the positional forces are purely radial and it
iz pessible to define, for later use in development of flight equaticns,
a linear positional force coefficient K31 such that

Fugh

K., =
M R (48)

where h denotes the length of the conductive shell, When using the
slope of the straight line approximation on the normalized curves
this becomes

l%h(S - D

Ky = b—2 x slope (49)

In summary, the slope of these normalized values is shown in Fig. 14
as a function of the ratio a/b, Use of these results is, of course,
strictly valid only when the position of the projectile is such that the
ratio R/b is £ 0.3 and the ratio a/b is < 0.2, With discretion, use
beyond these limits can obviously be permitted,

An alternative which would be advantageous in this regard would
be to gradually spiral the field modulation currents of Fig. 1 in lieu
of making sudden transpositions. One complete spiral each 4. would
give the needed fundamental frequency for effecting diamagnetic be-
havior. Such spiral would be so gradual that for any z the currents
and their field would again, for all practical purposes, be two-
dimensional, To a traveling projectile, the radial forces experienced
would tend to be an average of radial forces for 8 varying from 0 to 27,
This would result in the radial forces being approximated by a single
straight line for larger values of %/b than would be the case for the
previous iransposed system. For example, in the case depicted in
Fig. 12a the straight line approximation for the spiraled field should
be valid at least for &/b = 0,4,

3.1.3 Damping Force Relationships
Consider now the interactions which occur between the conduc-

tive shell and the field of the nontransposed currents of Fig. 2. First
of all it is to be noted that if the shell's motion is strictly parallel to
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the z axis it will sense no changes in the magnetic field to which it is
exposed. Hence, once equilibrium penetration is established, no eddy
currents will be induced and there will be no interactions. However,
it is clear that lateral motion or rotation will result in the shell being
nonuniformly exposed to changing amounts of flux sc that eddy currents
will be induced, These are to be utilized for the purpose of damping
oscillatory flight excursions across the range centerline, * In this
cage, as stated earlier, tailored flight is required so that eddy current
power will be essentially real (> 98 percent real, see Fig, 6). Other-
wise, shielding will occur and randomly orientated positional forces
will be introduced,

As the first step toward relating damping forces tc other param-
eters, the distribution of eddy currents in a cylindrical shell arising
out of relative motion with respect to a single parallel line current
Ip will be found. Superposition will then be used to obtain the solution
for the case of four such line currents in the null-flux arrangement of
interest. From this, the power to joulean heating of the shell will be
obtained and finally related to retardation or damping of its radial
and angular maotion,

Now consider the position of a streamline on the surface of the
cylinder to be specified by polar coordinates a, ¢ and the position of
the line current to be specified by ri, 61, both as shown in Fig, 15,
Also, consider the end surface of the cylinder to be highly conductive
so that each is isopotential at $1(t) and ¢3(t), respectively, as shown,
Next, insofar as surface conditions are concerned, it is to be recalled
from Fig. 8 that for power > 98-percent real the magnetic vector
potential of the eddy currents is relatively small in comparison to that
of the inducing field. Moreover, the phase angle € between the inducing
field Aj, and the field A~ of the eddy currents is such that their vector
sum differs little in magnitude from that of the inducing field A alone,
Hence, for the situation of interest, only the latter need be consuiered
insofar as seclving for eddy current magnitudes and distribution is con-
cerned,

Returning to Fig. 15, the total electric field along any z-directed
streamline of the cylinder's surface is that induced along this line plus
that caused by charge accumulations and can be written for the two
dimensional case as

*As would result from positioned forces alone,
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— dAp(a, ¢, 0 4
E(ﬁ, ¢; t) = - —'—al—-——-—- + [(Dz(t) - (b]':t)] F (50)
so that from Ohm's Law the current density is
a; (u.ff),t) -
- 1 D k
o, @, 0 = gds —a— 4 [Bp00 ~ @ W
(51)

where ¢ is area resistivity, h is the cylinder length, and ED is the
magnetic vector potential of I, From Ref, 12, the vector potential
can be expressed as

— g1
Apla, ¢, 1) = ;nD In r% + a? — 2ar) con(pp - 4 + C|

(52)

with the argument of In being the distance from the streamline of
interest to the line current and with Cy being an arbitrarily large
constant, Upon substitution of this into Eq, (51) and differentiation
with respect to time there results

po—ln{[rl ~ acoslg — 6ldr)/dt = arp sin - el)delm} D lt) — B0
+

_4-( » @y I‘.) =
e @ r¢ a + r% ~ 2ary cos{p ~ ﬁl) <h

(53)
In conjunction with the fact that < has only z conponents, an obvicus
boundary condition is that there can be no net flow of current past
the cylinder ends, i,e.,

a_f":(a, ¢, Mg = 0 (54)
After substituting for i (a, ¢,t) from Eq. (53), integration of Eq. (54)
leads to the result that

Q1) — B0 Holp dry

k B -2’”1 Fy (55)

Upon returning this result to Eq, {53) and manipulating, the distri-
bution of eddy currents attributable to one line current becomes
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1t.Tn ary cos (ch - 91) ~ a2 drl
rl[a2

Wla, g, 1) = -
g + r% «~ 2ar; cos i - 61)] de

(56)

a2 + r% - 2ar1 cos(:;f) - & d

ar 51_in (p ~ 61) dﬂl}

In generalized form for the nth of several line currents this be-
comes

_ ,-.LO_ID . ar, cos{g - 6} ~ a? dr,
e d =g 2 d
ns rn[32 + 1, -~ 2ar cos ¢ - Gn)] !

(57}

ar, sin o - Gn) dSn
a2 + ri - 2arrI cos (qS - 6n) dt
For the situation of interest which is four line currents of equal

magnitudes and alternate directions as shown in Fig. 16, the total
current density can then be written as

I 4 ar cos(p — 8) — a° d
?’I(a, &, g = ta'D s (_I)n—] n ¢ n _ri
27 ¢ n=l rn[82 + 1'1:2l — 2ar; cos b — en)] dt
ar, sin (d: - 91‘1) den (58)
a® 4 rﬁ ~ 2ar coslgp = 6 ) dt

Again, ag indicated, the Cartesian coordinates of the line currents
are taken to be (b, 0}, (0,b), {-b,0), and (0, -b). With the ecylinder's
radial and angular positions being ® and 3, there then exists in
addition to Eq. (58} the generalized geometric relationships that

r =\/L2+ﬁ2—2'ﬁbcos(u;1#-ﬁ) (59)

n

and

u

n=1 NS
en =—-§—‘h'+51n1[—r'— sm(—z—ﬂ-ﬁJ (60)

Differentiation of these with respect to time leads to the further
generalized relationghips that

dry R - bcﬂs(n;-l”_ﬁ) aR %’Si“(%”"ﬁ)ﬁ
T di Ta dt (61)
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and

16, ,gain(n_;.!:r-ﬁ)—msin(“—;]-#—ﬂ)ﬁk-bcus(az_—ln— &

dr rﬁ\/ri - 8% ain? (_"'%]" - A di

R .2 cos(n;l 7 - B) - B2 sin? (%n ~ ﬁ) 8

v
S R G
(62)
Now recall that the radial and angular components of the shell's
velocity are
4R
VR - o (63)
and
df
V= R 5 (64)

Upon substituting these into Eqs, (61) and {62), the results into
Eq. (58}, and regrouping, the total eddy current distribution resulting
from the four currents becomes

_ Bolp 4
pla, g, 0 = =2 2 (DT, (o b R B4 OV

1]
n¢

+ §la bR 8,¢.0Vg (65)

where

n—1
g _ [Bl’n cos(gb - 6n) - azj[.rﬂ - bcos(Tn - ﬁ)]

2r 2 2
rn[rn + a° — 2Qar_ cos i — Bn)]

ar, sin ( ~ 6,) sin (2 - B)

[rl‘:' + a2 - Zar, cos (h - ﬂn]][rg — R2 4in? (n--Tlﬂ - B)]K

Ra sin lp — Bn) sin (n-—Tl ﬂ—B)[ﬁ — b cos (n-Tlﬂ - Bl
+

] -] u
rn[rg + al -2 ar, cos (¢ ~ Bn)][ri - R2 sin? ITN -/ (66)
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and
[arn conlpp - B — &7 {—b sin (nL; 7~ Bl

rﬁ[rﬁ + aZ — 2ar_ cos (¢| - 9n)]

B [artl sin {¢p — ﬂn)]coﬁ(%lﬂ -
+

i [IE + a2 - 2arn cos(qb - ﬂu)][rg - ?2 sil:l2 (t;lrr - ;S:l]]"'ﬁh

Rab sin (gh — Bn) sin® ll‘%l 7 - B

rn[ri + at ~ 2 ar, cos (p — ﬂn)][rﬁ - R% sin® [1;—1-11 - ﬁ)]hg

(67)
Now the power dissipated as joulean heat per unit cylinder length
is
27 _
P - oag [ [ipla 6 0200 (68)
If Vi is zero, that power per unit length attributable to Vg
becomes
) aulr? 9 4
. PRy = foD I S Fla b kB o VR dob
miC o =l {69)

But this power is derived from mechanical motion where the incre-
mental work per unit length is

dh}ﬂv = l*'%ld.rﬂ = *FR"R (70)

with Fg 1 being the implied mechanical force acting radially per unit
length against a retarding or damping force Fg, The instantaneous

power or rate of doing mechanical work per unit length is then

at dR ,
PFRV = I = _FfR_dt- - _Fﬂ\j{ (71)

Now, for later convience, radial and angular magnetic damping
coefficients are defined such that

- : r-1
KypR = TRb ¥R {72)
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and
Kypg = Fgh Vg (73)

Equating Eqs. (69) and (71) and combining with Eq, (72} results
finally in

2,2
ahps Iy 2n 4

2 ;r[[g.l(—nn—x FlabrR B a o) d (74)

KmpR = -

By setting VR equal to zero, the angular damping constant is obtained
in a similar way with the result that

a1 o 4
”;[%wwg&m&ﬁ¢W®
o =

Kupg = - ”
4n (75)

These equations have been normalized with respect to ''b'' and
solved with a digital computer* for the same positicns as before in the
treatment of diamagnetic forces, Surprisingly, for any given position,
KnMD% and KMDR are equal, Normalized results for both are shown
in Fig. 17, It is to be noted that within the previous limits established
for linearization of positioned forces, i.e., a/b<0.2 and R/b < 0.3,
the damping coefficients are essentially constants that are independent
of 8 as required for a linear damping term in the equations of motion
tc be developed later. In either the positional or damping situations
a choice of larger limits would not be unrealistic. In summary, their
normalized value is plotted versus the ratio a/b in Fig, 18.

3.2 FLIGHT DYNAMICS

For simplicity, the following development will assume flight to be
confined to a y-z plane of symmetry which passes through both the
projectile axis and the guideway centerline (z axis), This assumption
is justified on the basis that the projectile is to be a body of rotation
and the guideway design is to be such that magnetic positional forces
are almost totally radial. Any angular components are sufficiently
small that their effect on dispersion of the projectile from the guide-
way centerline should be negligible. A means of visualizing their
effect is to imagine relatively slow rotation of the plane of symmetry
about the z axis,

*A listing of the Fortran program is included in Appendix A,
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Within the plane of symmetry v will be used to denote the angle
between the z axis and the velocity vector V of the projectile's ¢
{center of gravity}, o will denote the projectile's angle of attack with
respect to V, and s will denote the dispersion of the cg from the
z axis (all shown in Fig, 19). Still within this plane, the aerodynamic
1ift and drag forces will be considered to act through an assumed
center of aerodynamic pressure cp a distance £ aft of ¢g, and the
magnetic positional and damping forces will be considered to act
through an assumed center of magnetic pressure cpy a distance £y
forward of cg.

Recall also from Figs, 12, 13, and 17 that the design can be
such that the magnetic positional forces will be a linear function of
distance from the z axis with the magnetic damping forces being a
linear function of the rate this distance changes. Additionally, the
allowable angles of attack are to be small so that aerodynamic lift
and damping can be assumed linear functions thereof with drag an
independent linear function of velocity alone. Then at fixed velocity
within the anticipated operating conditions the equations of motion
can be assumed to be linear and will be so treated,

3.2, Equations of Motion

Referring again to Fig. 19, the sum of 4 forces acting on the
projectile must be zero so that for small o and v one can write

42

d
where previously unmentioned parameters M and Sp are projectile
mass and base area respectively, q is dynamic pressure (3 sz with
p being density of the working gas), and C1,4 and Cpg are the aero-
dynamic lift and drag coefficients, respectively,

Additionally, the sum of moments about cg mugt be zero so that
one can also write

2 -] dz

d : 2 | ks

! (:; 2 + a5, B, + Cpole ~ 295y Cng : d
t

- Kfyly + Byla + ¥ ~ Ky fufdy d + Byldafadl =0 (77)

29



AEDC-TR-76-149

where J and ry, are projectile moment of inertia and base radius,
respectively, and Cpy, is the aerodynamic damping coefficient,

The angle v and its derivative can be eliminated from Eqs, {76)
and {(77) by the approximation for small angles that

Y = o (78)

Upon doing this, the Laplace transformation of the resulting equations
has made it possible to combine and solve algebraically for both 4 and
« in terms of the complex quantity s with the result that

UDg + Vy,Jo® + DV = D, + Dgy, + (Dg + V1§ Js?
~ DD, ~ D, + D\Dgdy, - DgVd, ~ Dg Va, + Dyy, — Dggoy ~ Dauyls
+ oD, - DDy, — (D,Dy + DDgla, + D4, + Dag, + DgVd, )

Dy + Ws¥ + [Dy + DV —~ DJs? + [(D, ~ DD, — D,V - D\D;)s

¥ [D4D5 + D2D7 - D3D6 - DIDB - [DBDB + D‘D.?]
(79)

and
(D + Via)s® + l4, ~ D, + Vi, + Dog + D Va, - Doyl o2
+ |:(D1.‘,;0 - DIDﬁ“o + Ds‘éo + DS‘;o - D2D5ao + Ds‘v'a'q - D QO—DTVau]s
atg o P3P ~ DiDpy, — Dy, - DyDgg, + Do, ~ Dybza, + DyVa

[(Dg + Wis* + [Dg + DV - DJs® + (D, - DD, - D,V - D D]s?

+ 0,Dg + DD ~ DD, - DDyls - iD,Dg + D,D,]
(80)

where the subscript ""o'' denotes the initial condition, the superscripts
* and -+ denote, respectively, the first and second derivatives with
respect to time and

Dy = [Kyfy + KyphyV13"! Dy = l48Cpg ~ Kyfy ~ KypVIMiv!

D, = mqsbricmi v KMDES!W-] Dg = KyptyM'’ (81)
D, = Kythvi'! Dy = KyM!

D, = VIaS,E(Cr, + Cpo- KufRlV" Dy = [q5,61, + K2 dM?
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Note that the denominators of Eqs, (79) and (80) are identical quartics
and that the numerators are cubics whose difference lies in the coeffi-
cients of the powers of s. Letting the roots of the quartic be R1, R,
R3, and Ry, a general expression for Egs, (79) or (80) is

[(s) = as3+ﬁs2+cs+d

gla=R ) (s=R)ls =Ryl (s~ R,) (82)

where, for brevity, «, £, ., 4, and g are used in place of the coeffi-
cients. Upon - application ot Heaviside's Expansion Theorem (Ref. 13)
an equivalent expression in terms of partial fractions is

% X ks 5
fls) = + + + 83
SHR] S-—-Hz, 5—R3 3"'“* ( )
where
Ky = -0 o] g (84)
i.e.,

(s—R){a B3 + BRZ 4 ony + b

n

o= Rl Rpla-Rylamnp | (85)

n

An inverse transformation of Eq, (83) ylelds finally that in the
time domain

4
fn = X Kn exp (R_0
n=1 (86)

Recall that this iz a general sclution which is applicable to solving
Egs. {(79) or (80) for 4(t) or olt).

Unfortunately, the solution does not yield a general expression
for the roots of the quartic, It has been necesgsary therefore to re-
sort to numerical techniques and the digital computer as a means of
obtaining their value for each set of chosen parameters, At the same
time the computer has also been used to determine the values of Ky,
K2, K3, K3, and finally to yield a timewise solution for both v and &,
A listing of the Fortran program is included in Appendix A,
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3.2.2 Discussion of Roots

In general, as might be expected from the physics of the problem,
the four roots have been found to consist generally of two pairs of
complex conjugates., One pair represents an ogcillation that exists
primarily because of aerodynamic forces. The second pair, whose
velue is also influenced greatly by aerodynamics, arises when mag-
netic guidance is added which, to a certain extent, modifies the first
pair. The interrelation is involved and a clear separation has not
been made,

A design methodology which ‘would allow direct determination of
unknown parameters from initially specified roots might possibly be
developed in the future. The means of achieving this would be through
use of the roots to form a quartic as in the denominator of Eqs. (79)
and (80), The methodology would consist of a systematic means of
adjusting parameters to yield equivalent coefficients for all powers
of s,

40 RANGE “G” CORRELATION AND IMPLEMENTATION

The following preliminary adaptation of the concept to the VKF
Range G is for demonstration purposes only, is limited in scope, and
is not to be taken as final.

4.1 BASIC PHYSICAL PARAMETERS

To minimize scaling to actual reentry situations, it is generally
preferred that tests in aeroballistics ranges he performed on the
largest possible scale, Toward this end a base diameter of
5.08 x 107° m will be assumed for the projectile proposed herein,
This is approximately the largest that can be accomodated by the
6.35 x 10”2 m bore of the Range G launcher in view of the fact that
during launch the projectile is to be surrounded by a sabot which
subsequently separates. The cylindrical portion of the projectile,
and hence the diameter of the conductive shell, will be assumed to
be one-half the base diameter, i.e., 2,54 x 10°2 m. The length of
the shell will then be taken as four times its diameter, i.e.,

1.016 x 10~! m. This is a reasonable compromise between a desire
on the one hand for a small length-to-diameter ratio to withstand
launch leads, and a desire on the other hand for a large length-to-
diameter ratio so as to he compatible with the previously developed
theory,
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The launch package as presently envisioned from the above is
depicted in Fig. 20, As indicated, the magnetic forces are assumed
to act at the midpoint of the copper shell, ~ Also, as indicated, it is
presumed that through use of appropriate flare angle, flare length,
deployment of material, ete,, the projectile's center of gravity will
be placed a suitable distance £} behind and the center of aerodynamic
pressure a suitable distance { still further behind the shell's mid-
point. For the purposes of this study, these distances or moment
arms will be taken to be

f = 9525 x 107%m (87)
and

1.905 x 10%m

by

Perhaps surprisingly, the influencing factor insofar as choice of
guideway parameters is concerned derives from the sabot, This is
because the first 30 m of postlaunch flight is through a so called
'""blast chamber' within which sabot separation and destruction occurs,
Beczuse it would otherwise interfere with this event, as well as sus-
tain damage, the logical beginning of the guideway should be immedi-
ately downstream of the blast chamber exit. At thlS point, based on
almost ten years of G-range history, a 5.08 x 1072 m dispersion of
the projectile away from the guideway centerline must be assumed.
Upon adding to this the base radius of the projectile and an allowance
for the conductiors needed to carry guideway currents, the minimum
allowable choice for the guideway dimension b (see Fig, 11) is
8,89 x 10°2 m. This value will be utilized herein, Next, from Fig. 8
it is seen that a good choice for the length 4 of guideway transpositions
is 17 times this value of b or, rounded off, 1.5 m,

Returning now to the projectile itself, the design velocity is taken
to be 6,000 m/sec. The effective fundamental angular velocity of the
spacewise magnetic field modulations then becomes

w = V(2.1 = 12,560 radians ‘sec (88)

This, in conjunction with the correlation parameter of Fig. 6, enables
determination of required shell area resistivity,
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As seen in Fig, 6, a reasonable compromise insofar as concerns
diamagnetic behavior of the conductive shell is where the eddy currents
are 98-percent reactive and where § has a value of 0,22, At this
peint the correlation parameter has a value of 4.5, i.e.,

.uoaw(ZnS‘)_l = 4.5 (89)

Now, from Ref, 8 (p. 299), the vector potential at polar coordinates
r, O attributable to a line current lying parallel to the z axis at
ro, 8p can be expressed in terms of circular harmeonics as (see Fig. 15)

S - E l(rf'r ¥ (cosn#_cosnf + sinnd_ sinn §)

#DIZ
Az(r,ﬁ) = o @ a a ] (90)

Alsc, as stated earlier, because the shell is of finite length, the net
flow of current past its ends must be zero. Hence, for the postulated
two-dimengional gsituation, any induced electric field attributable to the
time derivative of the term ''In ry" of Eq. (90) will be ineffective in
producing eddy currents, All Whlch exist must therefore be attribu-
table to the time derivative of the indicated summation, Upon dif-
ferentiation of the latter it becomes clear from inspection that if

rg is somewhat larger than r the n = 1 term dominates, Hence, by
virtue of the fact that during flight the distance between the projectile
axis and any of the line current segments of Figs. 1 or 3 is to be
maintained relatively large as compared to all r £ a, it is seen that
the correlation parameter need only be considered for the valuen =1,
Upon substituting this value for n along with the previously established
values for a and v into Eq. (89) and solving for area resistivity there
results

¢ = 2.227 x 1075 ohms (91)

Assuming the shell to be oxygen-free, high conductivity copper with a
volume resistivity of p = 1,724 x 10-8 ochm-m, the implied shell
thickness is

=2 -4
v_c_7.74x10 m (92)

For previously stated reasons, the thickness of the end walls will be
taken at twice this value,

All dimensions are now defined that are needed for calculating
the mass and moment of inertia of that portion of the shell (with its

*From three to seven times greater.
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Lexar® interior) which lies forward of the projectile's ¢,. The total

mass and moment of inertia of the projectile are simply twice the
result plus an allowance for a nose piece. Upon using 8,82 x 10" and
1,19 x 10° kg/m3 for the density of copper and Lexan, respectively,
there results for the projectile totals

M

1

1.65 x 107! kg

and (93)

[
]

3.0 x 104 kg ~ m?

42 GUIDEWAY CURRENTS

For the purpose of this preliminary correlation to the G range
the following aerodynamic coefficients are believed to be adequate
and will be utilized throughout

CDO = 0.3
C = 1.1

La (94)
Cmd = 2.0

Only flights in air at atmospheric pressure and at one-half atmos-
pheric preasure will be considered, For these, the corresponding
densities are taken to be 1, 1767 and 0, 5883 kg/ms, respectively,

4.2.1 Current Magnitude
For the particular dimensions, shielding ratio, and area
resistivity established above, is is found through use of Figs. 14

and 18 that

Ky

It

~-8.0 x 10""1}2,
and

-1072

-]
=
ju’

I

(95)
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Upon insertion of proper current levels the resulting values of Ky
and Ky, in conjunction with values of the other parameters as
have now been egtablished, form the input data for the computer
programs mentioned in Sect, 3,2,1, Dispersion () of the model
about the range centerline and its angle of attack (@) as functions
of downstream position as well as roots of the characteristic
equation of TEqs. (79) and (80) can be computed,

Being primarily influenced by the current rating of the Tunnel "F"
generators (Ref, 7) the authors have chosen 109 amp as being an
appropriate Ip and Ip magnitude for demonstration of the concept.

For such magnitudes Eq. (95} yields

Ky = -8 x 103 N/m (96)
and
Kyp = ~3.3N ~ sec/m

Initial conditions for the computed examples to be presented, i.e., $0s
@g,and v,, are in all cases taken tobe 5,08 x 10™“ m and 1 x 10~2 and

1 x 103 radians, respectively. Results for an atmospheric case in the
existing range length of 300 m are depicted in Fig. 21 while Fig, 22
demonstrates the effect of reducing density to that for one-half of atmos-
pheric. The behavior of v and o as depicted in the figures is in agree-
ment with the desired effect, and the roots are in accord with expec-
tations based on the theory of controls,

In Figs., 23 and 24 the velocity is reduced to 4, 500 m/sec with an
attendant shift in shielding ratio and accordingly a change in magnetic
postional force constant to

Ky = 6.154¢ N/m (97)

Ky is not significantly altered since its magniture is not dependent
on velocity through the transposed (or modulated) field. All other
variables remain as in the previous two examples, and Fig. 23 depicts
the atmospheric and Fig. 24 the one-half atmosapheric case. Apain,
results are gratifying and guidance is demonstrated,

The effect of varying the levels of Iy and Ip can be seen in Figs, 25
and 28 where an atmospheric and a one-half atmospheric case similar
to those of Figs. 21 and 22 have been computed except using an
increased Ip of 1.25 x 109 amp. 1t is apparent that the reduction in
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error from the initial value for both 3 and o is greatest with this modi-
fication. Reasons for presenting the other examples in which Ip and
Ip are the same will become clear in a following section.

Figures 21 through 26 exhibit significant reduction of initial error
with any of the above mentioned sets of parameters, i,e., use of these
sets of parameters results in guided flight, It should ke emphasized
here that these results are in marked conflict with any unguided case
where for the assumed initial conditions ¥ would have attained a value
of 0,35m at a distance of 300 m downrange.

It should be noted here that the distance between excursions across
the range centerline is a minimum of 45 m which compares to a 1.5-m
transposition length. Therefore, as desired, eddy currents induced
by the nontransposed field have a frequency more than 20 times lower
than those resulting from velocity through the transposed field and
are » 98-percent real, as desired.

A final point that should be made is that the range length is also
an important parameter, WNote that if this were increased, with all
other parameters remaining fixed, the initial error would be further
reduced. To illustrate, if the error is reduced to cone-fifth its original
value in a 300-m range it would be reduced to a twenty-fifth of its
original value in a 600-m range. Hence, application to longer ranges
is encouraging from this viewpoint.

422 Implementation

Although not specifically stated, the establishment in Section 4.1
of the guideway dimension b (see Fig, 2) as 8,87 x 10-2 m includes an
allowance for conductors of diameter 2,54 x 1072 m to carry the
guideway currents. This diameter, in conjunction with the b dimension
and a guideway length of 300 mn are the basis of the calculated induct-
ance and resistance values that are used in the following development,

Because of the transposition all tendencies for mutal inductance
between the Ip and Iy currents of Fig, 1 cancel when cverall guide-
way length is considered. Hence, with reference to Figs. 1, 2, and
16, the energy stored inductively in the basiec guideway field of the
Ip currents alone can be written as

“ H
IIBl*‘(lnrl) = ‘L[iécl“sclfl ~ 2L »+ L

mut 12

mut 1-3”2]_')1 (98)
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where Lgaif § is the self inductance of each of the conductors and
Lmut 1-2 and Lyt 1-3 is the mutual inductance between diagonal
and adjacent conductors, respectively. Based on working formulae
3 and 7 of Grover (Ref. 14), approximate values of self and mutual
inductance for the aforementioned dimensions are

Lyeif) = 6.01 x 1074
Liut jog = 448 x 107%h

LT -3 = 427 x 1074y (99)
Upon substitution into Eq. (98), there results for inductive energy in
the Ip, field

Dpp(mg = 264 x 1071 (100)

Although consideration of transpositions would result in a slightly
higher value, the effective self and mutual inductances of the conductors
for the Ip currents will be taken to be egual to those for I, Using
nomenclature of Fig, 11, then the inductive energy of the transposed
field is

Opp (ngy = 264 x 107413 (101)
Total inductive guideway energy is then
, -40p2 2
O wiing = Dppting + Orpgae = 264 x 107405 + 1) (102)

For Ip and Ip of 10° amp as used in 4. 2.1 above the inductive energy
in the guideway field would be

Wewiingy = 5-28 x 100] (103)

This field energy level coupled with current levels of 102 amp and the
fact that the gnideway need only be energized for approximately 0,1 sec*
suggests the utilization of the nearby flywheel/inductor energy store
power supply for the VKF Tunnel F (Ref. 7), Approximately 4 x 108 7
is available from its flywheel-driven, acyclic generators at 106 amp
and 80 v, or at 5 x 10° amp and 180 v; or from its storage inductor,

*The time required for a projectile to travel the guideway length,
plus contingency time,
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108 J is available at 105 amp up to 2 x 104 v, However, unless section-
alization is utilized as will be discussed below, or unless conductors
are utilized at crycgenic temperatures, and space requirernents for
thermal insulation discourages this, overall guideway resistance will
not allow either approach. If it is of copper at room temperature,
resistance of a gingle conductor of 2,54 x 10~2 m diameter and 300-m
length is

(300 m)}(1.71 x 108 ohm — m)
RBE =

(m- 9 (2.54 % 1072 my?

= 1012 % 1072 ohm (104)

The current that can be driven through two such cenductors in series
(one go and one return) at maximum generator voltage of 180 v is thus

180

— B . 8,893 amp
201,012 x 1079

A.-] =
P (105)
This is inadequate by an order of magnitude, Moreover, if one resorts
to utilization of the storage inductor (assuming its current could be
commutated through the guideway with reasonable efficien%y) the energy
to joulean heating of the eight guideway conductors by a 10° amp,

10-1 sec pulse through each would be

mGW(rraD = 4-”% + I%)(Res](m}

4101052 4 (1052](1.012 « 10°2)(10°h
8 x 107 (106)

This is approximately the full rating of the storage inductor,
Considering that vast amounis of energy must inescapably be lost in
commutating current through the guideway and that the delivered
current pulse would be a rapidly decaying exponential, this approach
is ungatisfactory. It is neteweorthy, however, that calculations show
the desired pulse would lead to a guideway temperature rise of only
20°C,

One viable alternative would be to procure a large flywheel-
driven generator whose energy, voltage, and current ratings would
be matched to the guideway, From Eqs. (101) and (106) it appears
that a total flywheel energy on the order of the 6, 84 x 108 joule total
for Tunnel F would be adequate, As mentioned above, an attractive
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possibility for Range G which would allow utilization of the Tunnel F
power supply is offered through guideway sectionalization, Each
section would be powered independently of all others, and then only
for the period needed for the projectile to pags, This might be
achieved by explosively or perhaps pneumatically actuated switches
which would appropriately connect and disconnect each section to two
large, range-length conductors* that would be energized by the
Tunnel F generators. Minimal switch developmental effort should
be required because of the low operating voltage (180 v) and because
the guideway inductance to resistance ratio is relatively low.

As still another alternative, relatively small flywheel-driven
generators could be stationed at intervals along the wayside for
powering each guideway section at the appropriate time, Or, alter-
natively, banks of energy storage capacitors could be utilized, It
15 to be expected, however, that the rotating machinery approach
would be the most economical, more trouble free, and with an
expected life that would be significantly longer,

Returning again to Figs, 1 and 3, attention is invited to the fact that
if I} and Ip are equal in magnitude, the basic guideway field is canceled
by alternate transpositions and is doubled in value by the ones between.
This suggests the possibility of utilizing currents (and their conductors
or coils) only at alternate intervals as shown in Fig, 27, To make
this point clear is the reason for computing flight paths in Sec, 4, 2.1
for equal Iy and Ip despite the fact that improved results were
achieved with increased I3, This means an increased level for the
basic, or average (nonmodulated field) is desired, Hopefully, it
can be seen that essentially this same biasing effect can be achieved
by making the z spacing between the coils of Fig, 27 less than the
z dimension of the coils themselves. An obvious bonus feature of
such spaced coils would be that, while in the intervals between coils
the projectile would be free of shock interactions and there would be
no obstructions insofar as wayside photography is concerned,

*

“One go and cne return conductor, each having an area on the
order of 0,1 m~,
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5.0 CONCLUDING REMARKS

An electromagnetic-guideway/guided-projectile system concept
that iz believed suited to the VKF Range G, and perhaps numerous
other aeroballistic ranges, has been presented and developed from
a theoretical viewpoint. Basis of the system is guided, aercdynamic
flight via motion-induced, electrodynamic interactions between way-
gide magnetic fields that form a guideway, and conductive material
that is deployed in the projectile structure. The geometry of the
fields is such that induction decays to zero with proximity to the
guideway axis so that interference with aerodynamic flow or abla-
tion near a projectile's stagnation point should be minimal., Asgide
from being devoid of sliding surface contact as is used in mechanical
guideways, a possible attractive feature of the system is periods of
essentially free flight, with no obstructions to interfere with wayside
photography.

Quite naturally, system theory, and hence the concept itself,
has been developed on the most elementary basis possible, Tor
example, the concept as presented utilizes conductive material in
the form of a cylindrical shell that is placed principally about the
projectile's forebody. It should be possible, and from an aerody-
namic viewpoint perhaps desirable, to achieve the necessary elec-
trodynamic interaction with the guideway if a shell of conical or other
shape were used, However, the electrodynamic theory would be most
difficult to develop as the problem would no longer be two-dimensional,
Fortunately, with the ¢ylinder it has been possible to develop most of
that needed by two independent means, the briefest of which has been
presented. Certain idealizations and simplifying assumptions have,
however, been made during the course of the development which
apply to both. For this reason, experiments are underway that
are intended to confirm theory inscfar as concerns electrodynamic
interactions, A report on the results is planned for the near future,
No experimentation as regards aerocdynamics is planned as adequate
wind tunnel data should be available for this purpose,

For the particular case of Range G the possibility of energizing
a puideway from the nearby Tunnel F generators is optimistically
offered, provided that the guideway is sectionzlized and that each
section he powered only during the time the projectile is passing
through, plus contingency. Fossible alternate methods of guideway
energization for this and other ranges have alsc been offered. How-
ever, in retrospect, it is possible that stronger fields with corre-
spondingly stiffer flight control may be desired in lieu of these
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values used in the Range G examples of Section 4.2.1, One reason is
that ablating and/or eroding nose test specimens may initially have
(or tend to develop) asymmetry and cause the projectile to become
stubborn. Another is that greater downrange accuracy may be needed
for capture, This could, of course, be improved by a smaller initial
error. Such reduction additionally would allow a smaller guideway
dimension b, and hence, from Figs, 14 and 18, greater magnetic
force coefficients for given currents, Also, with sectionalization,
there is the possibility of utilizing greater currents from the Tunnel
F power supply which would lead to still greater force coefficients.

Still another reason for stiffer control is to achieve a reduction
in the maximum angle of attack assumed by the projectile. Quite
obviously this would be achievable with lowered initial error. But
a reduction could also be achieved by virtue of the fact that greater
magnetic forces would permit lesser reliance on the development of
aerodynamic forces. In turn, lower magnetic moment and moment
arms would be required, To visualize the trend, consider the case
of zero £, where the magnetic forces would attempt to correct the
projectiles course, but with zero change in angle of attack. Finally,
it should be pointed out that the need for stiffer control becomes less
urgent with increased range length as more time is available for
recovery from initial errors,

In conclusion, it is recognized that numerous variations and
ramifications of the concept presented are obviously possible, most
of which are left to the reader's imagination, Opportunity is taken,
however, to emphasize the fact that a more efficient approach is
possible for situations where space and launch accelerations will
permit superconducting magnets on the projectile. In the meantime,
subsequent to the experimental verifications promised above, it
appears that construction of a scaled-down, developmental version
of the present concept would be in order, This could most easily
be accomplished in the presently inactive VKF Tunnel J (Ref, 15)
where proper power is available for the guideway.
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Figure 5. Nomenclature for study of diamagnetic and dissipative behavior.
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a. Magnetic cylinder and line current
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Figure 9. Magnetic cylinder in presence of a line of current.
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Figure 11. Nomenclature for positional force calculations.
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Figure 20. Launch package.
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Fprprprpngrgppnpgepaggeparegee T e S TFE Y TY TE YT T Y Y TR R L L UL AL AT L L AL LA L L L L g
- LY
L2 PROGRAY FOR B=SEGMENTED/R=INFINITE 3
-k ¥
PyrgRppgegnepapprgaegaaeeree T ST IITY P T T YR X IR S Y TR R A LT DAL LA L AL L LA L LA Ly
M SPECIFIES THP NUMBER OF SEGMENTS CONSIDEHED (SHOULD geE 000)

May9
SEG 1S THE LENGTH OF ONE SEGMENT

SEG=2,0

DR 1 L=1s5

AL=(
R IS THE OISTANCE 0OF THE POINT OF INTEREST FROM THE 2=AKIS

B=5EG/ AL
THIS DO LOOP STEPS THE POINT CF INTEREST ALONG THE Z=AK1S

DD 1 I=lsul

E=] -]

S={M=1)/2
2 1§ THE Z=COMPONENT OF ThRE LOCATION OF THE POINT QF INTEREST

I=(S5+,0S*E) #SEG

RATIO=0,0

DO 2 nalwM

A=N

CaZ- AWSEG

D=Z-(A=-1.0)*SEG

RE,5#{=1,) ##N® (C/SQRT  (C*#2+B%%2)= D/SQRT (D*s2+B442))

2 RATIO=RATIO + R
WRITE(6+10)MsSEGIBsZ+RATIO

1 CONTINUE .

10 FORMAT(LHO+3HM =413  /1H + L6HSEGMENT LENGTH m+EL0.4/1H »3rB =,
1€10.6/1H $3HZ =.E10.4/1H +24HB=SEGMENTED/B=INFINITE =,E15.6)
sTop
END
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bbbl A A e Ll s L L L L L L L T Y Y Y F T L L L LT T Y T ey
L 1] *e
L3 PROGRAM FOR POSITIONAL FORGES "o
- L 2]
i-l-ollll-l-l.il-qilﬁDQ.ODbi!.ﬁi.giiu-.ioI-.Q.nq....mn-..Q«icnionliilncqicugii

OoOOoOO0nNO0OoO0O00n

DIMENSION X (&) oY (4) 9R(4) s XCCad o YTI4) vAL4) yRUKLA) s ADX(S) sDERVE (4] ¢
LHUY Ca) 0AUY (%) sUERVY (4) 2FP LA (4} oFPIY(4)  WDANGLE(100) +8IGR(LO0}
28X {4) sRY (4) »SMRSQN(4)

PI=3,1419926535

DANGLE(Ll)==P1/16,

HIGR{l) == 05%,0254

ARAD=Q, 24,0254

BRAO=] 0%, 0254

(XC{N) «YC(N}) INDICATES POSITIUN OF NTH LINE CURRENT
BRAD (BORE RADIUS)» AHAD(MODEL HADIUS)

oGO0

PRINF 25+ ARAD » ARAD
25 FURMAT('0 BORE RAUIUS 'y E2us12+ * MNOUEL RAUIUS #,E20,.12)
ACI1)=BRAD
XC{2)=0.0
XC(3)a-BRAD
AC(4)=0,0
TC{l)=0,0
YC{2)=RARAD
YC{})ad,0
YC{4)a=BRAD
DO 500 L=2.3
00 500 KX324l4
BIGR(K)=BIGR (K=1)+.054,0254
DANGLE (L) =DANGLE [(L~=1}+Pi/16.

€ S(BETA) DEFINES THE MODEL POSITION

€ {X(NlsYIN)) INOIGATES POSITION OF NTH I[MAGE CURRENT

<
S=a]GR (K}
BETAIDANGLE (L)
Bu5e8Z=2,0598RANSCOS(BETA) +HRADS*2
A(1)=S#COS(BETA) # (ARAD®#28 (HRAD=54COS (BETA}) ) /H
Y{1)mS#SIN(BETA) = (ARAD®*ZHS#SINI{BETA) ) /B
CoS*#2+BRADW®Z2~2, #S*ERAD®SIN(BETA)
A(2)aS5eCOS{BETA) = (ARAD##28S#C0S (BETA) ) /C

aooo

(PROGRAM CONTINUED ON NEXT PAGE)

88



AEDC-TR-76-149

YI2)aS#SIN(BETA) + (ARALRE29 (HRAD=S*SIN(HETAY) )} /C
DSS5*#2+HRADW N2+ 2, #SHAAADRCUS (HETA)
A(3)=S#COS(RETA)=(ARAD## 24 (HRAL+5*COS (KETA)) ) /0
Y(31aSHSIN({BETA) = (ARAD SRS IN(BETA) } /D
E=S##2¢dRAAD#®Z 2  #SuBRAD*SIN(JETA}
X(u)=SHCOS(BETA) = (ARAD##ZuS*COS{BETA) ) /E
Y(4)aSeSIN(BETA) = (AHADW42# (BRAD+SCSIN(HETA) ) } /E

c
C M 15 THE NUMHER OF LINE CUHRRENTS HRESENT (E«Gas & IN THE CASE OF A
C QUADRUPOLE FEIELD)
c
MS4
00 1v JslaeM
D0 1 I=lM
SMRSQD (I3 (XC(Jy=X(] ) )o*2+(YC(J)=Y(]) ) un2
UA{I) I (=l )W (=} (YC(JI=YLI})/SMRSAU{]I) ®2,E=T7
1 8Y{I)=(-1.1'*(I-1l*IXC(J)-XlIl)/SMRSQD(IJ w2 E-T
1F{m=1}) 200,200,300
C
C BX(NI==X COMPONENT OF H PEK [
C BY(N)==Y COMPONENT OF d PER [
c

300 DO 2 I=2em
BAILI}=BX{1)+BX{1=1)
2 BY(D)=BY{(I}+BY{I=1)
200 CONTINJE
FPIA(J)Z AY(M)Y #{=],)%n{Js])
10 FPIY(J)3IBXIM )} #(=],)##(J+])
IF{M=1) 51251450

FPIXT IS TWE X COMPONENT OF FURCE PER I SQUARED FOR A | METER LONG MODEL
FPIYT IS TWE Y COMPONENT OF FORCE PER [ SGUARED FOR A 1 METER LONG MODEL

OO0

S5t FPIXTa=FPIX(1)
FPI¥Ta=FPIY(1)
GO TO %2

SO FPIXTa=FRIX{l}=FPIX(2)~FPIX{AI=FPIX{4)
FRIYTa=FPIY(1)}=FPIY{2)=FPI¥{3)=FPIY{4)

S92 CONTINUE
FREFPIXT#COS(BETA) +FPIYT#SINI(BETA)
FRBETAz=FPIXT#*SIN{BETAI+FPIYT#COS(HETA)
PRINT 100 S¢ BETAs FPIAT» FPIYTs FRs FBETA

100 FORMATC(IHO o 1HR1XIELC 442X SHEETAsLXsE1DaGs2X22HF X9EL1D 92Xy
22HFYsE104492X02HFR  #1XsE1V 492X e SHFBETAW1X+EL10,4)

500 CONTINUE
STOP
ENO

;e
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[ T L L Ty Y T L T T Ll L T T T Y T T e
C =» - L 1]
C a» PROGHAM FUK DAMPLING CONSTANTS *e
C ew o
C MRaaopedonitestistatatlo st tanttoonttioataanunuiaitntaauiuindtidenietases
C
c
c
c
C
C
UIMENSTON _OONT(4) oDONUT (4) s ANGLE {4) «SMLR(4) o THETA(G) «BANGLE (&) »
2 Al49385) 4B (4e305)s  C{4)sDI6) 4yE{4} +EC{A) 4F(4) 2G(as36S) »
I 149365) »GT(365) ¢HT(I65) »SELR (IS} y31GR(99) +PWRH (365) yPWRB{365) »
4SATHI36S) «DANGLE (40) +PHI (305)  »U0T (4} 4 SSRSOU (&)
PI=3,1%153926935
c
C  ARAD IS THE MODEL RADIUSe. HRAD [S THE GUIDEWAY BORE RaDIUS
C S(=8IGH) AND BETA(=UANGLE) DEFLNES THE MODEL POSITION
C ™ INDICATES THE NUMHER OF LINE CURRENTS PRESENT
C
BRAD=1,5355#,0254
ARAU={0,5~(,049/2,))%,0254
PRINT 35+ ARADSBRAD
35 FORMAT ('O MODEL RALIUS *y E20.12¢ * BONRE RADIUS "e EZ20.12)
BIGR{1)a={BRAD/10,)
DANGLE(1)==PI/16,
DO S00 J=2.8
DD 500 K=2.10
BIGR(K)IATIGRIK=1)1=BIGR(1}
DANGLE (JI=DANGLE(J=1)+R1/16,
5=8I6GRIK]
BETA=DANGLE {J)
M=y
C

C SIMPSON INTEGRATION==N BEING THE NUMBER OF INTERVALS
c
DO 1 N=ks360
IF (M=1) 50,500,451
S0 PHI(l)=0,
60 TO 52
S1 PHIIN)IPHI{N=1)+2.%P]/360,
52 CONTINUE
1 CONTINUE
DO 59 Nal,360
DO 2 ImleM
00T (1)=I=-]
OONT [ ])=DOT (I} /2,

Q0N

(PROGRAM CONTINUED OM NEXT PAGE)
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BONUT (1) =0ONTHT ) *PL

ANGLE (1) SOONJT (1) =BETA

SMLRE (I} ZSQRT (RRADH*Z +5882=l aS58grADCOS{ANGLECI) )
THETA (D) =DONUT (L) «ASIN{S/SMLH (L) *SIn(ANGLE(L) )

HANGLE ([} = (PHI(N)=«THETALL) )

SSRSRD (1) BARAO##Z2«SMLR([)#%2 =2, #ARA0*SMLR () *CQ5{dANGLE(])}
ACLeNIA2LE~T# (ARAD*SMLK{]) *COS (BANGLE{[) } =ARAD®#2) /
2ISMLR{I}®#SSRSQDLIN)

BiIleN)E =2, E=7®{ARAD®S [N (BANGLEC(I) } ®#SMLR{T) /SSKSQD(]))
CL{I}a(S=BRAD*COS{ANGLE LL) 1 }/SMLRLT)

DEI}==BHAD®SIN (ANGLE(I}} /SMLRI{I)
ECCI}=1l,/SORT(SMLR{I}Be2=-She2uSTw (ANGLE ([))*#2)

E{L)=ECULI)® (SINIANGLE (]} ) =SeSIN[ANGLE (1} ) # {S~BRAD®
2COSTANGLE{I) ¥} /SMLR({[)®eZ)
FIL[)=s~ECIL)®( LOSCANGLE(LI) ~SeHRADSSIN(ANGLE (L) ) wug

2/SMLR{[1%#2)
GlloM)=ATTaNI®C(II+ BOIeNI®E(])
2 HITaN)=ALTaN) D]+ HIIsN)*F{])
C
€ G=2CURRENT OUE TO RADTAL VYELUCIFY®*SIGMAZINDUCING CURRENT
C HaCURRENT DUE TOANGULAR VELOQCITY®*SIGLMAZINDUCING CURRENT
c
[FIM=2) Je%sS
3 GTIN}=G{L N}
HT (M) =sH{]l N}
GO TO 8
& GT(N] =SG{lyN}=G{ZsN}
HTIN]sH (| «N}=H{24N}
GO TO 4
S IF (Ma&) 6+Ts7
] GTINI =Gl eN)=G[2pNI+GII N}
AT (NP 2H (J o N)=HI2oN) +HL 3N}
G TO A
7 GTUNI=ZG (1l oNYI=G(2yN) +G{IsN) =G 4N}
AT(NIaH (L aN) =H(29M) +H{J¢N) =H {&eN}
8 CONTINUE
SUIRIN)SGT{N) &2
55 SUIBINIsKHT{N)*s2
WE2,#P1/360, ®RARAD
PWRR(1)30/3,#5QfK (1)
PWRB{1)2Q/3,*5QIB(1)
PWRR{360) =Q /3. #SQ[R{3aD)
PWRB{360) mQ/3,#3GTH{I50)
00 10 L=2,35%
IF((=l)u=L) 1llslirl2
11 PWRRI{LI=4,%Q /I #SRIRIL?
PWRE (L) 24, 8Q/3,%S018{L)
G0 TO L0
12 PWRRL)3Z2,%Q/3.%5QIR(L)
PWREB (L) =2.%0/3.*SGIB (L)
10 CONTINUE

KMOR (S{BETA)} = PWRR

OOOn0n

[FROGRAM CONTINUED ON NEXT PAGE)
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C KADEIS{BETA)) = Puks
c
ul 20 LadeIn0
PURR (L)Y SPWRR(L=1) +PwrA{L)
20 PWRHB(L)®PWHB{L=1)+PuisiL)
PHINT 10303sS» HETAy PwrR{JI6BU) yPHRB(3I60)
100 FORMAT (IHOsLlHR4LXeEI V4 e2XsoMBETAS LN SELO e 2K s 4rKMDRIELD o s
22X 1AXHMDBETAELD %)
S00 CUNTINUE
STopP
£nD
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LI IS XSRS SRS RS XL AL LAt I AR LR I Ll ) L]
L ] .e
Ll PROGRAM FOR GUIDED FLIGHT e
e "
SHRPHARN SRS R BB HERBRRB RPN B R IR R RBR ARG RCSHREBEREBBNAI BTN ERRERS
REAL JT#I0srMaKMD oL sLMaLENGTHsM GUIDE
COMPLEX SCOF+ROOT« YT ALPHA»UCUF sH1 sR24RI R4 GUIDE
DIMENSIGN ACOF (4} +8COF {5) 2+ CCOF (5} s C (91 «N ] +ROCT {4) » YCOF (&) GUIDE
OIMENSION DCOF (S)ECOF {3) GUIODE
DIMENSION BN{11)+CUF{(1l) GUIDE
CO 200 Nals4 GUIDE
ACOF (N}=0.0 GUIQDE
YCOF {N)=0,0 GUIDE
B8COF (N)2y,0 GUIOE
BNINI=0,0 GUIDE
COF {N) =040 GUIDE
200 ROOT(N)=0,0 GUIDE
DO 201 N=1a5 GUIDE
201 CCOF(N)=0,0 GUIDE
YTad,0 GUIDE
ALPHA=0,0 GUIDE
Rlad,0 ' GUIODE
rR2={0.0 GUIDE
R3a0,0 GUIDE
R4=0,0 GUIDE
KOUNTagd GUIDE
10 KOUNT=KOUNT+] GVIDE
VARIABLES TO BE USED
P{PRESSURE) +SB (REFERENCE AREA) s L{SEPARATION BETWEEN CP AND CG)»
CMQ=CLA=COQ (AERODYNAMIC COEFFICIENTS)« RB(BASE RADJUS)s IO(ROTATIONAL
INERTIA) s Km=KMD(MAGNETIC COEFFICIENTS)s LMISEPARATION BETWEEN
CG AND CM)¢ VOCINITIAL VELOCITY)» YOUINITIAL €RRROR}y AOQCINITIAL AMNGLE
OF ATTACK) s GAMMAO{ANGLE OETWEEN Z-AXIS AND V)e+ M (MASS OF PROJECTILE) s
U{RATE OF CHANGE OF ANGLE OF ATTACK) »INVL (Z=aXIS POSITION INTERVAL)»
DT(TIME INTERv¥AL CORRESPONDING TO INVL)s LENGTH (RANGE LENGTH!
HEAD(S¢1101P»SB+L+CLASCDOCMQwRB LD GUIDE
READ (S l10)KMyKMD LMo WOr YO o AD»GAMAD M GUIDE
READ(S+120)DT+ INVLsLENGTHWU GUIDE
IF{P.EQ.0.,0) GO TO 1091 GUIDE
WRITE(&e170) GUIDE

{PROGRAM CONTINUED ON NEXT PAGE}
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20

WHITE(Gel30) PeSHaLICLAYCDOICMUsRE, [0
WRITE (61401 KMy KMOALMs VD1 YO s AU s GAMAD pMy DT ¢ LENG TH gt
ICNT=]

IPnTal

vevi

I=[0Q

Te).0

xa0,0

RHO=0,0022831#515,37798/760,.0
RIRHO R y#E2 /2.0

YOPR=Y®GAMAD

Cli)aQesSye & (JLA+CIN}

Cl212(+ (CMQeQWSH#2 edea/v )Y

Cla) mKMe M

Cla) sKMD» M

CiS)anesSgacLa

Cle)aKu

C(Tya(» [Q®SHECDAV) )

CiH)=KmMD

DUIFo(CI3I»LM+Cl{G)my) 2]
Ul2)1=ve{C(2)+C{a)oLM) /]

DI =CiIev/T

Dia)syR{C(l)aC{A)o M) /]

DAS) a= ((CIOI R MY/ (MY} )+ {{C(T)mC i8] ) /M)
D(e)sC(R)#_ M/

D(T)YaC (&) /M

D(B)=2{CIS)+C(G) = M) /M

GUIUE
GUIDE
GUIDE
GUIDE
GUIDE
GUIDE
GUICE
GUIDE
GUIDE
GUIDE
GUIDE
GUIDE
GUIDE
6UIDE
GUTDE
GUIDE
GUIDE
GUILE
GUIDE
GUIDE
GUIDE
GUIDE
GUIDE

GUIDE
GUIDE
GUIDE

THE &RRAY CCOF CONTAINS THE COEFFICIENTS OF THE CHARACTERISTIC

EQUATIONS FOR HOTH OISPEMSION AND THE ANGLE OF ATTACK,

CCOF(l)mvaDif)

CCOF (2)2=D{2)+D(S)*vep{H)

CCOF (3)all (&) =D{S)#D(2)=D(7)#y=pi(bleDd(])
CCDF(“P=U|5I'D(&)OD(T)'DIEI'OCGJ'D(JI-DIBI'Ujll
CCOF (S) w=D(H)*D{I)}=D(T)#) (&)

U0 20 K=21,5

DCOF [K) =CMPLX {CCOF (%) /CCOF (1) 9040}

CALL OANDC(1|DCOF(2]1DC0F(3]nDCUFlb)-DCQF(S?rRluREvR3cR4I

ROQT{1)aR]
ROOT (2)aR2
ROQT () =R3
ROOT (%) =Ry

203 WRITE(6+202)R14R2+RIvR%

202 FORMAT{'ORI= 1,2€12,3+70R2% +,2€12.3,tD R3= "42E12,3+%0 Ram

#2E12.3)

204 CONTINUE

WRITE{6+150)
TYODPR=D(T)#YD+D(8) #A0=D (5} *YOPR+D (6) #U

GUIDE
GU10E
GUIDE
GUIDE
GUIDE
GUIOE
GUIDE
GUIDE
GUIDE
GUIDE
GUIDE
GUIDE
GUIDE
* +GUIDE
GUIDE
GUIDE
GU]DE
GUJDE

THE ARRAY YCOF CONTAINS THE COEFFICIENTS UF THE NUMERATOR OF THE

LAPLACE EQUATION FOR DISPERSJIUN,
YCOF{l)s{v+D{E])2YD

{PROGRAM CONTINUED ON NEXT PAGE)
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YOUF {21 m{aD{2)+13(A) e vRD{b] ) *YO+ (VD (6} )BYOPH GUIDE
YCOF (J)S{N(4)=D(2)*D(S)=D(S)#L{1) I eYDeD (B #VBAU+ [=D(2}+D{8))*YOPR+GUIDE
() {B)*YODPR+U (&) yay GUIDE
YCOF (4) s (D {4)#D(S)=N()*D (1)) *Y0+ (= D(BIPD(2)=-D(4)*D(6)) *A0+D (&) =*YGUIDE
$JPR+D{8)*YOUPR+D{4) *ywy GUIDE
THE ARRAY ACOF CONTAINS THE COEFFICIENTS OF THE NUMERATOR OF THE
LAPLACFE EQUATION FNR THE ANGLE DOF ATTACK,
ACOF (1) =(v+D(6H) ) *AD GUIDE
ACOF (21 DS MY=D(2) 1 #AG=DN [T ) oY0+L (S *+YOPRH+YQUPRe V*L) GUIDE
ACOF () =(=D{S)#U (2)=0{1)#D (8} = { 7)) #V]I #AQ+U(I) 2¥YY+0{1l) #YQRPR+DI(5) *¥QoGUIDE
$OPR=D( T} ®YQPR&D (S} *Yey GUIDE
ACOF (43 =1={=D131*D{S)=D{1) %0 (7)) *Y¥U=(=D{2)*L(T}+D{I)*N(6} ) *A0+D{I)GUIDE
*RYQPR=)( ) *YODPH=D( 7)) #Y# I} GUICE
Ul 99 Jxleh GUIDLE
YCOF () =YCGF (J) 7CCOF(]) GUIDE
99 ACOF {J)=ACOF (J) /CCOF L D) GUIDE
100 CaALL VERTIYCOFsRONTaT4¥T) GUIDE
CALL VERT(ACOFsROOT+THALPHA) GUIDE
IFCICHNT WNELTIPNTY 60 T 105 GUIDE
. WRITE(6+L80) TeXeveYTsALPHRCGAMAD . GUIDE
104 IPNT=IPNT+INVL . GUIDE
105 CONTINUE GUIDE
ICNT=ICNT ] GUIDE
T=2T+07 GUIDE
IF(TaGT.0,10) GO TOQ 106 GUIDE
X=y=T GUIDE
IF{X=LENGTH} 100+ l00«107 GUIDE
106 wRITE (6+140) GUIDE
GQ TH 108 GUIDE
107 WRITE (64190} GUIDE
108 CONTEINUE GUIGE
GO TO 10 GUIDE
1091 CONTINUE GUIDE
110 FORMAT(BEL0,3) GUIDE
120 FORMATIELD,391342F10,3) GUIDE
130 FORMAT(LHO9HP = sELlO+%ebH MM HG/IH +9HSH 2 JELl0+4910H S5QGUINE
® METERS/LH #9HL = sE10.497H METERS/IH +9nCLA a »ELQeuy10H GUIDE
#1/7HADTANSALH +SHCOO = JElQsar/lH IHCMO = +El0,4/1H »9HRB GUIBE
* 2 3F)10.4¢TH METERS/LH »9HI = 4FE10,4»20H KILOGRAMS-METERS##2)GUIDE
140 FORMAT{1H »9HKM = sE10.%sld4H NEWTONS/METER/LIH »9HKMD = 4ELlO0GUIDE
Bo4ydlH NEWTON=SECONDS/METER/LIH 9HLM ® JElUs&%,yTH METERS/IH ¢9HGUIDE
LA LY = sE10.%+14H METERS/SECOND/L1H »9HYC a yE10,4s7TH METERS/GUIDE
#1H +PHALPHAD = 4E1D.4+BH RAUIANSZ/LH +9HGAMMAD = ¢ELlD.4%» THRAQIANS/LGUIDE
®H »9HMASS = pELOL4s10H KILOGRANS/LIH »9HDT = yEl0e4oBH SECONDGUIDE
#5/70H +SHLENGTH = JEL1Q.497H METERS/LH +9HU 2 JElD,4915H RADIANGUIDE
#S/SECOND) GUIDE

1SD FORMAT{1HO oSXs&HTIME v 9K e AHDISTANCE 4 7K 2 BHVELOCITY ¢ 20X s IHY 325X« SHALPGUIDE
¥HA L LIX v SHGAMMA/IH 54y THSECONIS ¢ BX y GHMETERS» TX 9 LOHMETERS /SECs 16X 9 66GUIDE
*HMETERS 22X s THRADTANS s L 7X s THRAD [ ANS) GUIDE
160 FURMAT{LH »(BEL15,.6)] GUIDE
170 FORMAT{LHL ¢ ITX9BHTUNNEL G/lH 4294+ 24HELECTROMAGNETEC GUIDANCE/LHO.GUIDE

(PROGRAM CONTINUED ON NEXT PAGE)
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180
150

10

#246HTHE INPUT PAHAMETERS ARE)

FURMAT (10 MAaX TIME REACHED *)

FORMAT (10 MOUEL MAS REACHED TUNNEL LIMITS ¢}
END

SUBROUTINE QANDC{N»RsCoDsErAleXZ2vX34X4]
IMPLICIT COMPLEX®#B{A=Gsu=7)

COMPLEA®S]

[=(01I1-,

IF(N L,EQ. 0)GO TO 10O

AS [ (4,00%CeE=~(Qus29E) = #e2) /2, 0)
AL=(CH(H*Dm4 ,D04E} /0 ,90)

Alze ({C#*]) /27 ,00)

AxA+AL+AZ

BB CSORT{(AR#Z2)+ ((R#D)=u QUBE=[(Cou2)/3,00)1%83)/27,00)

AT=p

CALL CUdRT(A+HB+R)

PSTAR=2H#=4 ,D0®E=C2C/ 3,00

Rl==PSTaR/ (3,00%R)

R (R+R1l+{C/3.,00))

Pu CSQRT{tA#P¥2/4,00)=Cen)

Pil= CSARTIU,25004R%42=E)

AHZ2=,500%A%R~D

PPQ2=2,.00upspg

IF( CABS{AB2=-PPR2) +6T. CAHS(ASZ2+PPQ2Y)PRa=PY
PP={ CARS(P}}

Ala{l.0,0,0}

Bl={Br2.00)+P

Cl={R/72.00)¢PQ

Xl=(=81+ CSQRTI(RL1*#2-4,00%A1%C)))/(2,00%A])
K2={=81~ CSART{RL##2=4,00#A1%C)))/(2.00%Al)
Bla(8/2.00}-P

Cl=(R/2.00)=-PQ

X3m{=Hl+ CSQRT(D1®%2-G, Q0#ALNCL) )}/ (2,00%4])}
Raz(=H]= CSORT(Blo®Zaq,00#A)#(]) )/ (2.00%A))
RETURN

CONTINLE

PaC=(B¥e2,3,00}
A=D=-(B¥C/3.00)+{ (2, 000E%%3)/27,00}

Z13= (072,00 ¢ ( CSORTU{G#R2/4,00) 4 (P#*3/27,.00)))
Z2z=(Q/2.00)=( CSART({G*#2/4,00)+1P#83,27,00))}
IF{ CABS51(Z1).GE. CABS{Z2)1)Z=21

IF{ CABS(2Z2).GE. CABS(Z1l))Z=22

IF( CABS(Z) +EQ. 0.0}Kki=-(8/3.00)

IF( CABS(Z] JEQ. 0.01x2=-{B/3.00)

IF( CABS{Z) +EQ. 0.0)K3I=={B/3.00)

IF{ CABS{Z] +EQ. 0.0)RETURN

BEB={(¢,00,0,.00)

CALL CUBRT{Z+BBRR1)

RE=(P/(3.G0*R1))

Wige {500} (13,00%% 5)/2,00)%]
W2a=(,500)=(13,00%* _5)/2.00}¢6]
Xl=={(Br3,00)*R]*R

Kaz-‘313|001*H1'F1¢H2'R

(PROGRAM CONTINUED ON NEXT PAGE)
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QANDC
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QANDC
QANDC
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QANDC
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QANDC
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Ad==(B/3.00) +W24R] 1 +u ] 4R QANDC
Aé=0,00 QANDC
RETURN QANDC
END QANDC
SUBROUTINF CUBRT (AAsBHIRR) QANDC
IMPLICIT COMPLEX*8(A=Geu=2) QANDC
REAL®#GH LA HIB s TH QANDC
REAL®#4PI+S555 QANDC
COMPLEX®81 QANDC
CONTINUE JANDC
I=t00|lo) O‘NDC
Ii=1 aanpC
Zl=aA+Bd UANDC
Z2=aA=BH QANDC
IF{ CABS(72) BE. CanS(ZY))A=Z2 QANDC
[Ft CAASIZLl) .GE. CAHS(Z2))a=7Z] GANDC
8= CONJGLA) QJANDOC
Hlas(aeH) /2,00 QANUC
HlBa=]1%*(A=B)/2.00 QANDL
HTH= ATANZ(H1B.H1A) AANDC
HE(H] A#%24 ] BodZ) %8 500 QANDC
PI=3,1415926535897930¢ QANDC
S555S8=3,0U QANDC
RR=(H®®* (], 00/3,00))%( COS((ATH&[[I=1)#2,00#PI}/5555)+I#( SINCIHTQANDC
IH+ [I[=1182,00%#PT)/5555})) QANDC
END QANDC
QUBROUTINE VERT{COF+ROOT+TwTF)
COMPILEX ROOT»BCOFsTF+dN GUIDE
DIMENSION COF (%) «3COF (&) yROUT (4) s BN (%) GUIDE
DO 910 I=l+% GUIDE
910 BN{ [ Y2(COF{1)#ROOT (1) #2331+ (COF{2)*ROOTI{I)*#2)+{COF{I)*ROQT{I))+CGUIDE
SOF (&) GUIOE
BCOF {13=8N{L) /[ {ROOT(1)¥=ROOT (2) ) #{ROOT(1)=ROJT (3))#{ROOT{1)=ROOT(LGUIDE
*})) GUIDE
BCOF (2)=BN{2)/ ({ROOQT (2)=HOUT (L)) #{RQOT(2)=~ROCT(3)}*{RO0T(2)=ROOT{4GUIDE
*1)) GUIDE
BCOF () =BN1A) /A ((ROCT (A} =ROOT (1)) *{ROOT(3}=ROOTI(2) )y *{ROOT (1) =ROQT {4GUIDE
#))) GUIDE
BCOF (41=BN (4] 7/ ({ROOT (4)=R0O0T (1)) *(ROQT (4)=ROOT{2) 1 *{ROOT{4)=RO0OT {IGUIDE
#)}) GUIDE
TFeBCOF (LY #CEXP (ROOT (1) ¢T) +BCOF (2} #CEXP(ROOT(2)%*T) +4COF {3} *CEXP GUIDE
#{ROOT {3 #T)+«BCOF (G ) #CEXP (ROCT (&) =T} GUIDE
RETURN GUIDE
END GUIDE
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pt|
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NOMENCLATURE

Magnetic vector potential, Wb/ m

Radius of conductive shell or projectile forebody, m
Abbreviated coefficient {see Eqs. (79), (80), and (82))
Magnetic induction, Wb/m?

Digstance from z axis to guideway line currents, m
Abbreviated coefficient (see Eqgs. (79), (80), and (82))
Coefficient of circular harmonic

Projectile's aerodynamic drag coefficient
Projectile's aerodynamic lift coefficient

Projectile's aerodynamic damping coefficient
Effective center of magnetic forces

Projectile's center of mass

Effective center of aerodynamic pressure
Abbreviated coefficient {see Eqs. (79), (80), and (82})
Abbreviated coefficients (see Eqs. (76) through (81)
Abbreviated coefficient (see Egs. (79), (80), and (82))
Electric field, v/m

Force per unit length, N/m

Function defined in Eq. (66)

Laplace transform at function in terms of complex
quantity

Function in terms of time
Function defined in Eq. (87)
Abbreviated coefficient (see Eqs. {(79), (80), and (82)}

Length of conductive shell, m
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Electric current vector, amp
Unit vector in x direction

Area current density, amp/m
Projectile moment of inertia, kg-m2
Unit vector in y direction

Magnetic positional force constant, N/m
Magnetic damping force constant, N-sec/m
Function defined in Eqs, (84) and (85)
Unit vector in z direction

Self inductance of conductor, h

Mutual inductance between conductors, h
NMoment arm for aerodynamic forces, m
Moment arm for magnetic forces, m
Projectile's mass, kg

Number corresponding independently to the nth circular
harmonic, nth line current, nth current gegment,
nth root, etec.

Eddy current power per unit length of shell, w/m
Dynamic pressure, N/m?

Roots of characteristic equation determined by
Fgs. (79) or (80)

Radial position of projectile's axis with respect to
guideway axis, m

Unit vector in direction of &

Radial distance from axis of projectile or other
reference to item or point of interest, m

Radiug of projectile's base, m
Unit vector in r direction

Distance from line current to item or point of
interest, m

Base area of projectile, m?
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$ Shielding ratio (see Eq, (10))

s Complex variable

a Guideway current segment length (see Fig. 1}, m

t Time, sec

v Velocity of projectile's cg, m/sec

W Energy of eddy currents dissipated per unit length
of shell, J/m
Energy stored and/or dissipated in guideway, T

w Thickness of copper shell {see Fig. 20}, m

X Cartesian coordinate, m

y Cartesian coordinate, m
Dispersion of projectile's Cg from z axis, m

z Cartesian and/or polar coordinate (coincident with
the range and guideway axis), m

z' Offset z axis (see Fig. 7), m

o Angle of attack, rad

A Angular position of shell referenced to x axis, rad

B Unit vector in 3 direction

¥ Angle between V and z axis, rad

8 Phase angle of circular harmonic, rad

€ Phase lag between inducing field and field of eddy
currents, rad

a8 Angular position referenced to an x axis, rad

u Permeability, h/m

P Volume resistivity, ochm-m; also density of working
gas, kg/m3

< Area resistivity, ohm

& Potential of shell end surface, v

i) Angular position referenced to an x axis, rad

w Angular frequency, rad/sec
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SUBSCRIPTS

Numericals - Independently identifies line currents, abbreviated
coefficients in Eq. {81), etc,

D Damping field, currents, forces, ete,

BF Basic guideway field (see Fig, 1)

GW CGuideway

i Inducing field of guideway currents or other sources

M Magnetic (positional)

MD Magnetic damping

M iR Radial M

M3 Angular M

MD X Radial MD

MD3 Angular MD

n Independently refers to nth gircular harmonic, nth
line current, nthl segment, nth root, etc,

n' Associated with image of I

0 Independently refers to conditions of free space or
initial flight conditions

P Positional field, currents, forces, etc.

R Radial

RM Radial mechanical

RV Radizal velocity

T Total

TF Transposed field (see Fig, 3)

A Compoenent in z direction

3 Angular component
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SUPERSCRIPTS

t

Independently implies field of induced eddy currents,
image current for equivalent exterior field, and an
offset system of polar coordinates, or if centered over
variakle implies first-time derivative

Image current for equivalent intertor field, or if
centered over variable implies second-time derivative
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